The microwave spectrum of furan -sulfur dioxide complex has heen observed with a pulsed 
INTRODUCTION
Sulfur dioxide exhibits a variety of structural arrangements in forming complexes with Briinsted acids, z donors, and nitrogen and oxygen lone pairs in Lewis bases. In transition metal complexes, two common interactions are the n1 pyramidal and nZ two center types (I). The former is characterized by attachment of the transition metal through sulfur, with the SO, plane tipped away from coplanar with the metalsulfur linkage. In the 372 mode, an S-O bond interacts with the metal center forming a triangular M-S-O a~angement. Brtinsted acids such as HF and HCl are known to bond through one of the oxygen lone pairs forming a planar complex (2). Benzene * SO2 is a prototype ?F complex. which has been known for some time (3) . Recently it was shown that the benzene and SO2 planes have a stacked arrangement (4~). The SOZ plane is tipped slightly from parallel to the benzene plane so that the sulfur end is closer to the benzene ?r cloud. In the trimethylamine -SO, (5, 6) and pyridine l SOZ (4) complex the nitrogen lone pair is directed to a nearly pe~n~c~~ SO2 plane, at the sulfur end, forming an n(donor)-a*( acceptor) charge transfer complex. The contrast between the benzene -SO2 and pyridine -SO2 complexes can be rationalized by simple explanations focusing on the polarities of benzene and pyridine or the differences in basicity of an aromatic-r cloud vs a nitrogen lone pair when interacting with the SO2 acceptor. Furan is another simple heterocycle with both aromatic properties and a Lewis electron pair center. In this case the oxygen is considerably less basic than the nitrogen in pyridine. Nevertheless, the furan -HCl complex is planar with a hydrogen bond formed to the oxygen ( 7). This is in contrast to benzene. HCl, where the HCl is perpendicular to the benzene plane and forms a hydrogen bond to 497 0022-2852/92 $5.00 Cop&M 0 1992 by Academic Press, Inc.
All rights of reproduction in any form reserved. the ?r cloud (8). The only other structural information available for a weak complex of furan involves the furan + Ar van der Waals complex ( 9). In this species, the argon sits over the furan plane, similar to the pyridine -Ar (IO) and benzene -rare gas ( I1 ) complexes. These comparisons, and an interest in studying simple systems which can shed light on the properties of monomers which affect the structures of weakly bound complexes, prompted us to investigate the furan. SOZ complex. We have found that it resembles benzene * SOZ ; however, it possesses an unexpected and interesting asymmetry somewhat suggestive of the 7~~ bonding mode formed in transition metal complexes. pulsed nozzle (BOS 0280-l 50-045) was used to generate a molecular beam with a repetition rate of about 23 Hz. The nozzle or&e was 1 .O mm and the backing pressure of Ar was 1 to 2 atm. Timing of the gas and microwave pulses was coordinated to minimize Doppler splitting of the transitions. Typical linewidths of -20 kHz (FWHM) were observed unless deuterium quadrupole coupling or a tunneling motion (see below) broadened the transitions. Center frequencies were usually reproducible to *2 kHz and accuracies are estimated to be +2 kHz.
To determine the dipole moment, dc voltages of up to It5kV were applied with opposite polarities to two steel mesh parallel plates 30 cm apart straddling the microwave cavity (13a). At each voltage, a Stark-shifted transition of the complex and of SO2 ( Zo2-1, r, M;: = 0 component) ( 14) were measured sequentially. In order to select transitions for which second-order perturbation theory was adequate, each component was examined to eliminate transitions which did not vary strictly with the square of the electric field (I?*).
RESULTS AND ANALYSIS

Spectra.
The normal isotopic species, with asymmetry parameter K = -0.904665, had a near-prolate asymmetric top spectrum. Thirty-four a-dipole, ten b-dipole, and seven c-dipole transitions were assigned. Although the spectrum followed a semirigid asymmetric rotor pattern, all of the c-dipole transitions were split by 30-80 kHz; several &dipole transitions also showed splittings of about 40 kHz due to the tunnehng motion (see later section). No obvious intensity alternations were seen between the two components of the doublets. As the observed splittings were small, the first attempts to fit the spectrum used a conventional Watson S-reduced Hamiltonian (I' representation) (15) employing the average frequency of the two components. The observed and calculated frequencies are given in Table I . The observed splittings for the b-and c-dipole transitions are given in Table II . The small errors in the rotational constants which arise from the neglect of the splitting should have a negligible effect on the structural analysis. The origin of the splittings is discussed in a subsequent section. The spectra of the C4H40. 34S02, C4D40 * SO2 , C4H40 + S "02, and two different C4H40 * S r800, isotopic species have also been assigned. Their transition frequencies are listed in Tables II and III and the derived spectroscopic constants are given in  Table IV .
Dipole moment. The electric dipole moment of the complex was determined by measurement of the frequency shift of the Stark components as a function of electric field. The second-order Stark effects ( Au/E2) for 10 Mj components from three transitions of the C4H40 * SO2 species were determined. A least-squares fit of Au/ E2 using the calculated second-order coefficients gave the dipole components pa = 1. Many t~nsitions showed some curvature due to near degeneracies, and only the components which were strictly linear (within 1%) with the square of the electric field were included in this fit.
Structure. By analogy with pyridine * SO2 (4), dimethylether s SO* (16), and Hz0 -SO2 ( 17)) we expected C4H40 * SO:! to have an ac plane of symmetry. We thus initially searched for only pa and ,uc transitions. For a complex with an UC symmetry where P is the reduced mass of the complex, i.e., (Mso, -Mc,ho)/(Mso2 + Mc4uLo). The first isotopic species to be assigned were the normal, 34S, '*02, and one '*O species. Pbb is almost identical for the normal and 34S species (See Table IV ), suggesting that the S atom lies in a symmetry plane. The increases in Pbb for the 180(A) and "Oz species follow what was expected for one or two out-of-plane "0 atoms. Assuming an ac symmetry plane, two structures were found which fit these inertial data, differing in the sign of the tilt angle of furan. To resolve this ambiguity, the C4D40 * SO2 isotope was assigned. However, with the inclusion of this data, no structural model with a plane of symmetry could be found that fit the moments of inertia.
After exploring several possible causes for this discrepancy, we finally questioned the assumption that the structure was symmetric. We returned to the spectrometer and in short order assigned several b-dipole transitions as well as a second '*O isotopic species, conclusively demonstrating that the structure of this complex has no symmetry. In retrospect we realized that because furan is an accidental near-symmetric top, it is difficult to determine the orientation of its C2 axis relative to the SO2 with data from only its normal isotopic species. The C4D40 species is sufficiently asymmetric to clearly resolve this ambiguity.
The determination of an asymmetric structure requires six parameters, assuming no structural change in each monomer structure (18, 19) . These are the distance (R,,), two tilt angles (cy, p) of the C2 axes of each monomer with respect to R,,, two Two structures were found with similar values for A&,,, where AI = L., -Icalc. The values for the six fitted parameters for both structures are given in Table V and their principal axes coordinates are listed in Table VI . The values of (Y are around 50", indicating a considerable tilt of the SO2 from perpendicular to &,,,, with the sulfur closer to the furan. The values for /3 are close to 90", indicating that the furan plane is nearly perpendicular to &, in both structures. Since @ is actually larger than 90", a small tilt of the oxygen end of furan away from the SO:! is suggested. The dihedral angles Cps and &= deviate small amounts from 90", indicating some twisting about the C2 axes of the SO2 and furan. These small deviations are in a direction (geared) which effectively rotates the C,-C, edge in furan closer to the SO* in Structure I but away in Structure II, while the S-O* bond in SOz is rotated slightly toward the furan. The dihedral angles y (absolute values) are approximately the supplement of each other, indicating that the major difference in the two structures is a rotation of the two moieties relative to each other by 180'. The top views in Figs. 2 and 3 illustrate this. In these views, the furan atoms have roughly the same magnitudes for the b and c coordinates for each structure, but opposite signs. The side views in Figs. 2 and 3 help to visualize the wagging ( Qts and #r) about the C2 axes.
These two structures are significantly different. Important differences are evident in the distance between atoms in SO2 and furan (Table V) . For example, the oxygen in SO:!, which is nearly over the furan oxygen, is closer in Structure I than Structure II (3.73 vs 4.00 A). The sulfur atom is also closer to the furan oxygen in Structure I (3.47 vs 3.58 ii).
In an effort to choose between the two structures, the Kraitchman sub~itution coordinates (21) were compared with values obtained from the least-squares fits. Also, the predicted dipole components using the values of free SO, (14) and C4H40 ( 18) FIG. 2. Projection of Structure I from least squares fit in the bc principal axis plane (left) and a side view projection (right) which is nearly an UC plane projection.
were examined for both structures. These are compared in Table VII . There is better agreement between the coordinates of Structure I. However, large amplitude motions contaminate the coordinate calculations and Structure II does not differ enough from the Kraitchman values to be conclusively eliminated. Regarding the dipole components, the large difference between the observed pa and the calculated values arises from polarization effects between the SO2 and furan. A similar large polarization along the a axis is seen in other SO2 complexes, for example, ethylene * SO* (22) . The small differences between ~6 are not helpful toward selecting the correct structure. However, the large value of p, predicted for Structure I, where the furan and SO2 dipoles are almost aligned, seems less attractive than the value for II. Nevertheless, polarization effects might be a factor here also and a firm preference for I or II cannot be expressed. This ambiguity is addressed by electrostatic energy calculations in the next section.
The structure of the SO2 calculated from the Kraitchman coordinates is d( SOA) = 1.421 A, d( SOB) = 1.404 A, and (OS0 = 121.9", which differs from the assumed structure in the least-squares fit of 1.43 1 A and 119.3", respectively. These differences are common in such complexes and arise from the neglect of vibrational effects in the moments of inertia. It is unlikely that the SOZ structure is measurably perturbed in the complex. 
Electrostatic energy calculations.
In an effort to choose a preferred structure, distributed multipole electrostatic energy calculations were examined. Buc~n~am and Fowler (23) have shown that such calculations predict the correct configuration for many weakly bound complexes, although detailed structural parameters may not be reliable. This model is based on an el~tros~tic interaction between each monomer using a set of distributed multipoles placed at each atom site in the monomers. A crude hard-sphere model for each atom accounts for the short-range repulsion. We have found this model to perform well for the C2H4 * SO2 complex (22) . Application to (SO& resulted in a prediction of two isomers with nearly the same stabilization energies (24) ; one isomer resembled the experimental structure while no experimental evidence for the second predicted isomer has yet been obtained.
The distributed multipole moments were taken from the literature for SO2 (23b) and were calculated for C4H40 with the CADPAC program (25) using the 6-3 1 G* * basis set. The values are given in Table VIII . Using these values, Structure II was predicted to have a stabilization energy of -1.7 1 kcal/mol vs -1.12 kcal f mol for Structure I. The energy as a function of the dihedral angle y between furan and SO2 with all other parameters fixed are plotted in Fig. 4 for both structures. Structure II is consistently lower in energy than Structure I, and the predicted minimum for II is within 30-40' of the observed value. For Structure I, the predicted minimum differs by about 100" from the observed. As a check on the model, the minimum energy as a function of tilt angles of the SO2 (ar ) and the furan (/3) were calculated holding the dihedral angle at the observed value for Structure II. These energy functions are illustrated in Fig. 5 and indicate that the model predicts values for LY and 8 within 5-30" of the observed ones, lending some confidence in the parameterization.
In our opinion, these calculations cannot be considered conclusive evidence for Structure II over I. However, given the success of the model in other cases, the results are reasonably compelling and lead us to cautiously prefer Structure II until additional data may be forthcoming to question this choice.
Internal dynamics and distortion constants. The splittings observed for the c-dipole and several of the b-dipole transitions were somewhat unexpected due to the heavy La.
mass and the polar nature of the constituent monomers. These splittings for various isotopic species contain information on the tunneling motion. We considered several possible pathways which exchange pairs of CH moieties, oxygen atoms, etc. One motion, the internal rotation of the furan about its own C2 axis, does not seem likely due to the fact that the hydrogen of the furan will move too close to the sulfur atom of S02. -700 ! . , . ,
, . Some other possible motions are illustrated in Fig. 6 . The labels II, III, IV are used to refer to the configurations after the tunneling motion. The nuclear spin statistics of SO, rule out the possibility of the I -+ II motion, since for this motion one of the tunneling stabs will have spin weight zero. The I + III motion is eliminated, since it would not be expected to lead to closely spaced doublets for the two different single I80 species. However, the I + IV motion can rationalize the splittings listed in Table  II . This inversion may be pictured as a tunneling of the oxygen atoms on sulfur dioxide between two energetically equivalent positions on either side of the C2 axis of the furan molecule. The exact pathway for the inversion motion is not known. However, it is interesting to speculate that the apparent attraction of the SOA bond with the C,-C, bond in Structure II (See Fig. 3 ) may influence the motion. Hence, the motion might be described as a rotation of the SOB bond about the $0, bond axis and an associated r~~rnent of the SOA bond (and sulfur) relative to the f&an. The diEerent magnitudes of the splittings for the two distinct single I80 isotopic species would appear to be consistent with this type of motion as the mass dependence upon substitution would be greater for OB than OA , However, the splitting shows a noticeable K dependence, indicating it is not a simple inversion motion with a constant spacing for all levels.
InterpretaGon of the distortion constants of asymmetric rotors is considerably more complex than for those of linear or symmetric-top molecules. For a complex with no symmetry, it is still more difficult to derive meaningful information. However, for weakly bonded dimers the largest contribution often arises from the new stretching mode between the two moieties. Commonly the p~ud~iatomic appro~ma~on, which neglects contributions to the distortion constant DJ from all vibrational modes except the stretching mode, is used to interpret the distortion constants (26) . The expressions for DJ are given in the monograph by Gordy and Cook (27) The more fundamental T agys distortion constants were described originally by Kivelson and Wilson (28) . These are related to the force constants (f) and inertial derivatives (6) of the complex in the following way:
Tccpyr? = -4 2 J@p (f-')zyp.
Using the above equations, the stretching force constant associated with the van der Waals stretching motion (k) along the R,, coordinate has been estimated. Assuming that aI~~aR~~ N &R,,, a value of k, = 0.073 mdyn/A is obtained from DJ. The associated vibrational frequency is ws = 6 1.3 cm-'. Based on a ground state harmonic oscillator wave function, the vibrational amplitude is estimated to be m = w = 0.09 1 A. Using a Lennard-Jones 6-12 potential, the binding energy is about 1.72 Kcal/ mol. Due to the assumptions which have been made, k, is accurate to probably no better than 4 10%.
DISCUSSION
The structure of the furan. SO2 complex mimics the benzene * SOZ complex rather than the pyridine * SOZ complex. The former is categorized as a 7c (donor)-r* (acceptor) complex, while the latter involves an n-x* interaction. The LUMO of SO2 is a ?r* orbital with a large coefficient on the sulfur, which correlates with the tilted orientation of the SO? and the placement of the sulfur end toward the donor's electrons. Since the lone pair of the oxygen in furan lies along its Cz axis, the location of SO;! above the plane of furan clearly signals that furan * SO2 should be categorized as a A-7~* complex. It is interesting that the orbital energies of the highest ?r orbital and no in furan (8.87 and 15.2 eV, respectively) correlate with this model but they do not in the case of pyridine (7~, 9.60 eV; nN, 10.5 1 eV) (29) . Although these chemical concepts may be useful for describing some complexes and their structures, it has been pointed out that the major attractive term in the interaction energy for such complexes is the electrostatic term. Pola~zation and charge transfer terms are smaller ~thou~ they are often very important in the inte~re~tion of the details of the interaction. Given either of the two above models for describing the gross geometry of furan = SOZ , there are several details of the structure which are interesting. First, the tilt of SO* plane which places the sulfur end closer to the furan plane seems reasonable. If the tilt angle of furan 6 SO2 is converted to the angle between the SO;! plane and the molecular plane of furan a value of 63.5" is obtained for Structure II. A smaller value is observed in ethylene * SO2 (9" ) (22) . In pyridine . SO* (4b) and trimethylamine + SOZ (6), the analogous angle between the CZ or C3 axis of the base and the CZ axis of the SO2 is 93" and lOO", respectively.
A second feature which raises some curiosity is the twisting of the SOZ away from a symmetric alignment over the furan molecule. The CZ axis of SOZ is rotated roughly 65" from the CZ axis of furan in the preferred Structure II. Thus the dipole moments of both monomers are more nearly antiparallel. In Structure I, they are more parallel and this may have some bearing on the difference in energy discussed above. However, the slight wagging of the SO2 and furan about their Cz axis (see Table V for the deviation of & and & from 90") appears to be a crucial factor in the asymmetric alignment of SO1 relative to furan. If furan and SO2 do not wag, the electrostatic calculations indicate that the minimum energy will occur when the two C2 axes are aligned. This implies that the local electrical multipole moments in complex species like furan and SO:! (as parameterized by a distributed multipole moment configuration) produce subtle interactions leading to asymmetric structures which will be difficult to anticipate by qualitative arguments.
A third int~guing observation is the tunneling motion which apparently involves a "rolling over" of the SQ from one side of furan to the other. Although the details of the tunneling motion are not unambiguously established, the presence of a tunneling splitting is not without precedent in SOZ complexes. Tunneling motions have also been observed in the Ar 9 SO2 (30)) ethylene * SO2 (22)) and SOz . SO2 (24) systems. It is not possible to estimate a barrier height without more detailed insight on the tunneling pathway.
A thorough resolution and interpretation of these intriguing details probably requires a more detailed picture of the electrostatic interactions between furan and SOZ than explored in this paper. However, a simple distributed multipole model appears to be sufficient to quali~tively explain the asymmetric structure of the complex.
